1. Clinical presentations, genetics and pathology {#sec0005}
=================================================

1.1. Overview of branched chain amino acids metabolism and regulation {#sec0010}
---------------------------------------------------------------------

Branched chain amino acids (BCAAs), leucine, isoleucine and valine, are three of the nine essential amino acids and account for 35--40% of the dietary indispensable amino acids in body protein and 14% of the total amino acids in skeletal muscle. They share common membrane transport systems and enzymes for their transamination and irreversible oxidation. A detailed biochemical pathway is provided in [Fig. 1](#trd-1-trd009-g001){ref-type="fig"}. They can be glucogenic (valine), ketogenic (leucine and isoleucine) or both (isoleucine), since their end products, succinyl-CoA and/or acetyl-CoA can enter the Krebs cycle for energy generation and gluconeogenesis or act as precursors for lipogenesis and ketone body production through acetyl-CoA and acetoacetate \[[@ref001]\].

BCAAs first undergo a reversible transamination by BCAA aminotransferases (BCAT), a pyridoxal-phosphate dependent enzyme with cytosolic (BCATc) and mitochondrial (BCATm) isoforms, followed by the irreversible oxidative decarboxylation and coupled thioesterification of the respective ketoacids by the single mitochondrial branched chain keto-acid dehydrogenase (BCKDH) complex to form coenzyme A derivatives. The BCKDH multienzyme complex consists of E~1~, a thiamine pyrophosphate-dependent decarboxylase; E~2~, a lipoate-dependent transacylase; and E3, a dehydrogenase, the subunit of which is shared by pyruvate and α-ketoglutarate dehydrogenases. The oxidation of BCAAs and branched chain keto-acids (BCKAs) is tightly regulated primarily at the BCKD step \[[@ref001]\], which commits BCAAs to oxidative metabolism.

The next step in the BCAA metabolic pathway is dehydrogenation of the activated ketoacid by either isovaleryl-CoA dehydrogenase (leucine metabolism) or the α-methyl-branched chain dehydrogenase (isoleucine and valine metabolism). After these first three steps, the metabolism of each of the BCAAs diverges and eventually yields acetyl-CoA and/or propionyl-CoA. Terminal valine metabolism is unique because a free acid, 3-hydroxyisobutyric acid forms after the hydrolysis of the corresponding thioester. 3-hydroxyisobutyric acid is dehydrogenated, then reacylated to complete metabolism.

Similar to other large neutral amino acids (phenylalanine, tryptophan, leucine, methionine, isoleucine, tyrosine, histidine, valine, and threonine), they are transported into the brain and other organs primarily by the L1-neutral amino acid transporter (LAT1). Therefore, the relative concentrations of each amino acid and their competition for the same transporter affect brain amino acid uptake and the downstream synthesis of various neurotransmitters \[[@ref004]\], an effect with significant pathophysiological and therapeutic implications for the diseases in the BCAA metabolic pathway. Moreover, leucine plays a central role in metabolism and participates in numerous signaling pathways, as summarized in [Fig. 2](#trd-1-trd009-g002){ref-type="fig"}. It is a potent stimulator of the mammalian target of rapamycin complex 1 and downstream targets that enhance translation elongation and protein synthesis \[[@ref005]\]. In addition, leucine may act as an inhibitor of muscle protein breakdown, via interactions with the ubiquitin-proteasome and the autophagy-lysosome system \[[@ref008]\]. Furthermore, leucine stimulates insulin secretion from the pancreatic β-cell serving as metabolic fuel as well as an allosteric activator of glutamate dehydrogenase \[[@ref009]\]. Lastly, it also plays a role in central nervous system food intake regulatory circuits and feeding behavior \[[@ref014]\].

MSUD is the only one of the BCAA disorders that can be detected by plasma amino acid analysis, as it is caused by a defect in the second step of BCAA metabolism, resulting in massive plasma elevations of primarily leucine, but also isoleucine and valine, as well as their BCKAs, α-ketoisocaproic (KIC), α-keto-β-methylvaleric (KMV) and α-ketoisovaleric acid (KIV), respectively. For the rest of the BCAA metabolism disorders, the defect lies distal to the non-reversible BCKD reaction, and therefore amino acids and 2-oxo-acids do not accumulate. Each of the blocks in the subsequent steps leads to the accumulation of intermediates in the respective pathway, resulting in unique, identifiable patterns for each enzyme defect. Only few relatively more common inborn errors, such as MSUD, IVA, 3MCC, 3MGA, PA and MMA, will be described in some detail, while descriptions of the clinical presentation, outcomes and treatment for all other disorders are listed briefly in [Table 1](#trd-1-trd009-t001){ref-type="table"}.

1.2. Clinical presentation and disease pathophysiology {#sec0015}
------------------------------------------------------

Detection of classic MSUD infants through newborn screening, comprising about 80% of the MSUD cases, has led to markedly improved treatment and neurological outcomes \[[@ref016]\]. These early-detected patients have significantly lower concentrations of leucine at presentation and require less extracorporeal detoxification methods for initial treatment \[[@ref018]\]. It is possible though that newborn screening is missing milder variants of the disease, due to insufficient accumulation of toxic metabolites in the immediate neonatal period \[[@ref020]\]. An increased ratio of Leu/Phe or Leu/Ala and second tier testing for allo-isoleucine have been proposed to increase sensitivity, but some of the intermediate and intermittent variants of MSUD are expected to escape detection, and serve to emphasize the limitations of expanded newborn screening in the diagnosis of all affecteds. Patients with IVA or beta-ketothiolase deficiency can be detected by newborn screening prior to the onset of symptoms. For both disorders, early initiation of appropriate preventative therapy is expected to significantly reduce morbidity and mortality.

The situation is more complicated for the disorders in the propionate pathway, where newborn screening may help change the course in the milder patients with methylmalonic (mut- MMA, cobalamin A and B of isolated MMA or other types of combined MMA and homocystinuria of the cobalamin metabolism pathways) and propionic acidemia, but will have little effect on the most severe end of the spectrum. Early onset MMA and PA patients may present before screening is initiated in the immediate neonatal period with massive metabolite elevations and hyperammonemia resulting in demise or significant brain damage \[[@ref023]\]. Milder variants can be missed by newborn screening (false negatives) and efforts to develop methods that improve sensitivity and specificity, and integrate secondary markers into screening are underway \[[@ref023]\].

In MSUD, the acute elevations of leucine and alpha-ketoisocaproic (αKIC) during intercurrent illness or other physiologic stress can cause severe acute metabolic encephalopathy and life-threatening cerebral edema, while chronic imbalance in the plasma levels of branched chain amino acids or protein over-restriction can lead to abnormal brain amino acid uptake with subsequent decreased myelin and neurotransmitter synthesis, causing further brain damage manifesting as chronic encephalopathy \[[@ref027]\].

One hypothesis about the metabolism of leucine in the CNS is that leucine is transaminated in the astrocytes with α-ketoglutarate to α-ketoisocaproate and glutamate (Glu) via the mitochondrial BCAA transaminase reaction. Glutamate is subsequently converted to glutamine (Gln). The glutamine and α-ketoisocaproate (KIC) are released from the astrocytes and taken up in the neurons, where glutamine is converted to glutamate via phosphate-dependent glutaminase and α-ketoisocaproate is converted back to leucine and pyruvate by reversal of a cytosolic, in this case, BCAA transamination reaction, which is released and transported back to astrocytes, completing the so-called "leucine-glutamate cycle" \[[@ref028]\]. Glutamine produced in glia is thus an essential precursor for the production of glutamate and GABA in the glutamate/GABAergic neurons.

In MSUD accumulation of branched-chain ketoacids (αKIC) within astrocytes and neurons may drive the reverse transamination toward α-ketoglutarate, resulting in increased αKG/glutamate ratios. This mechanism may underlie the deficiencies in cerebral glutamate, GABA, glutamine and aspartate that have been described in MSUD mouse models, as well as post-mortem brain of an infant with MSUD \[[@ref032]\]. This can also inhibit the malate/aspartate shuttle and result in an increased NADH/NAD+ ratio and impaired conversion of lactate to pyruvate \[[@ref034]\], while high αKIC can inhibit pyruvate dehydrogenase (PDH) and α-ketoglutarate dehydrogenase (αKGDH) resulting in Krebs cycle dysfunction \[[@ref035]\]. Defective oxidative phosphorylation is consistent with the high cerebral lactate levels observed in mice and humans during a metabolic crisis \[[@ref032]\].

High plasma levels of leucine result in competitive inhibition of the transport of other large neutral amino acids (tyrosine, phenylalanine, tryptophan, isoleucine, valine, histidine, methionine, glutamine and threonine) across the blood-brain-barrier through their shared transporter (LAT1) \[[@ref032]\]. Reduced levels of these essential amino acids inhibit protein and neurotransmitter synthesis, such as dopamine, serotonin, histamine and S-AdoMet, by limiting available precursors. Furthermore, deficiency of branched-chain ketoacid dehydrogenase impairs the production of ketone bodies from leucine that are essential for myelin synthesis. Combined with impaired protein synthesis this leads to severe dysmyelination \[[@ref040]\].

The illustration of the above mechanisms for the pathogenesis of acute and chronic brain injury in MSUD, and more importantly the implementation of that knowledge for the development of improved special metabolic formulas has yielded evidence-based guidelines for the management of this challenging condition. \[[@ref016]\]

In contrast to the "intoxication" from excess leucine that plays a primary role in the pathogenesis of MSUD, the pathophysiology of each of the subsequent blocks in the BCAA metabolic pathways is less well characterized. Following the same paradigm, initial studies have focused on establishing the effects of the accumulation of toxic metabolites proximal to the block in many of the remaining disorders.

In methylmalonic acidemia, deficient activity of methylmalonyl-CoA mutase results in significant accumulation of methylmalonic acid, as well as of propionyl-CoA derived metabolites, such as 3-OH-propionate, 2-methylcitrate (product of the reaction of propionyl-CoA with oxaloacetate), and propionylglycine. Original studies focused on methylmalonic acid as the primary toxin, while subsequent studies suggested a key role for 3-OH-propionate and 2-methylcitrate for the various secondary biochemical alterations seen in MMA, including lactic acidosis, hyperglycinemia, hyperammonemia and hypoglycemia. It has been proposed that methylmalonyl-CoA a known inhibitor of pyruvate carboxylase, blocks the formation of oxaloacetate and phosphoenolpyruvate, an important substrate for gluconeogenesis in the liver, thereby increasing lipid catabolism resulting in hypoglycemia and ketoacidosis \[[@ref044]\]; MMA has structural similarities to malonate, a known inhibitor of complex II of the respiratory chain (succinate dehydrogenase) and was shown to induce neuronal damage *in vitro*, as well as striatal lesions and seizures after intrastriatal administration in rats \[[@ref045]\]; MMA was also shown to impair the transmitochondrial malate shuttle, another key step in gluconeogenesis, while the formation of methylcitrate disrupts the Krebs cycle, further contributing to the bioenergetic problems that manifest in MMA patients \[[@ref050]\]. Propionyl-CoA accretion leads to a competitive inhibition of NAGS through the excess production of *N*-propionylglutamate, which in turn leads to the failure of CPS-1 to synthesize carbamoylphosphate, the first step in the urea cycle. Furthermore, Krebs cycle dysfunction caused by a) the decreased production of succinate due to the block and b) the depletion of oxaloacetate via the formation of 2-methylcitrate, may result in insufficient α-ketoglutarate (glutamate precursor) production and underlie the paradoxical hyperammonemia in the presence of low glutamate/glutamine that is observed in propionic and methylmalonic acidemia patients during metabolic crises \[[@ref053]\]. Toxic metabolites also cause decreased H-protein activity resulting in inhibition of the glycine cleavage system and hyperglycinemia \[[@ref056]\].

Based on the "toxic metabolite" hypothesis, treatment with protein restriction to reduce the load of the offensive metabolites, as well as supplementation with glycine and /or carnitine to promote the synthesis and excretion of less toxic conjugates have been the mainstay of treatment for organic acidemias. Disorders for which such conjugation occurs more efficiently, like isovaleric acidemia, are therefore more biochemically responsive compared to defects like propionic or methylmalonic acidemia.

It seems though that deficiencies of intermediates downstream the metabolic block, as well as other secondary effects on associated pathways, like the Krebs cycle and oxidative phosphorylation, may have a more significant role in the pathogenesis of these group of disorders. Moreover, although they are often grouped together and managed in a similar fashion, it is obvious that they are very different diseases with unique characteristics distinguishing even defects in nearby metabolic steps, such as propionic and methylmalonic acidemia. Despite the similarities in their clinical phenotypes, propionic and methylmalonic acidemia patients have notable differences, with propionic acidemia commonly associated with dilated cardiomyopathy and methylmalonic acidemia with early onset chronic kidney failure characterized by tubulointerstitial nephritis, both not as common occurrences in the other disorder. The difference in the renal phenotype has led to theories about more nephrotoxic effects of MMA compared to the other metabolic intermediates shared by the two diseases, or effects involving antagonism and inhibition of glutathione uptake by MMA via the dicaboxyclic acid transporter in the proximal tubules leading to glutathione depletion in the mitochondria and increased oxidative stress \[[@ref058]\].

Intracellular CoA ester accumulation is considered a key pathogenetic mechanism for many of the organic acidemias and other disorders leading to Coenzyme A Sequestration, Toxicity or Redistribution (CASTOR) \[[@ref061]\]. The high concentration of the acyl-CoA substrate of the respective enzyme and/or the subsequent depletion of acetyl- or CoA-SH species may lead to detrimental effects that are primarily localized inside the mitochondria and are characterized by cell-autonomy and organ specificity \[[@ref061]\].

Studies in the *Mut*^--/--^ knock-out and transgenic mice have established that cell-specific mitochondrial ultrastructural changes in the liver, the proximal tubules and the pancreas are present. Moreover, structural pathology was associated with decreased complex IV (cytochrome c oxidase) enzymatic activity in the liver or the proximal tubules, and increased serum and/or urine markers of oxidative stress, both in mice and patients with MMA \[[@ref060]\]. Subsequent studies confirmed increased oxidative stress (decreased glutathione levels in tissue and plasma levels), decreased OXPHOS enzymatic activities and mtDNA levels in patients with propionic or *mut^0^* methylmalonic acidemia \[[@ref064]\] and suggested a benefit of antioxidants or other mitochondria-targeted therapies in these patients ([Fig. 3](#trd-1-trd009-g003){ref-type="fig"}).

A similar picture, where secondary mitochondrial dysfunction is considered a key player in the pathophysiology of the disorder, is observed in the late defects of each of the three biochemical pathways of BCAA metabolism, including 3-MGA, MHBD, HIBCH and HIBA, suggesting a need to study these disorders outside the classic biochemical pathway of BCAA metabolism and rather focus on the intramitochondrial effects caused by the metabolic block. This would also move the treatment target away from dietary modifications and cofactors, and into mitochondria-targeted therapeutic approaches.

3-methylglutaconic aciduria caused by a deficiency in 3-methylglutaconyl-CoA hydratase, the enzyme converting 3-methylglutaconyl--CoA to 3-hydroxy-3-methylglutaryl-CoA in the last step of leucine metabolism, is the cause for 3-MGA type I. Four more types of 3-MGA have been described and are characterized by various degrees of mitochondrial dysfunction and are very remotely if at all linked to leucine metabolism \[[@ref069]\]. How mitochondrial dysfunction leads to increased 3-MGA is also unclear. Type I 3-MGA presents with non-specific symptoms, such as seizures and mental retardation in childhood, while recently an adult onset slowly progressive leukoencephalopathy was added to the clinical manifestations of this poorly defined entity \[[@ref071]\]. 3-MGA type II or Barth syndrome is an X-linked recessive form of the disease, caused by mutations in the TAZ gene, encoding the protein taffazin. The pathognomonic finding in the disease is the abnormal cardiolipin profile in the patient's cells. Clinical symptoms include cardiomyopathy, cyclic neutropenia, skeletal myopathy associated with mitochondrial OXPHOS dysfunction, increased 3-MGA excretion and low plasma cholesterol levels \[[@ref072]\]. In these patients, 3-MGA excretion is not related to protein loading and it is thought to derive through a mevalonate shunt \[[@ref073]\].

3-MGA type III or Costeff syndrome is characterized by infantile bilateral optic nerve atrophy, dysarthria, ataxia, extrapyramidal signs and is caused by mutations in *OPA3*, a protein localized in the outer membrane of the mitochondrion with critical role in mitochondrial fission and apoptosis \[[@ref074]\]. 3-MGA type V is caused by mutations in a mitochondrial inner membrane translocase, *DNAJC19*, and presents as dilated cardiomyopathy with ataxia and in the Canadian Dariusleut Hutterite population, with testicular dysgenesis and growth failure. The remaining undefined cases with 3-MGA secretion are classified as type IV, and encompass a variety of disorders affecting mitochondrial function that have as a secondary marker increased 3-MGA. Mutations in *POLG1, SUCLA2, DNAJC19, TMEM70,* and mtDNA have all been described to cause elevated 3-MGA in the urine organic acid analysis.

2-methyl-3-hydroxybutyryl-CoA dehydrogenase deficiency (MHBG) is a newly identified enzyme defect in the pathway of isoleucine metabolism, caused by an interesting enzyme with different substrates besides short-branched chain acyl-CoAs. These include 17β/ 3α-hydroxysteroids, compounds that play a role in sex hormone and neurosteroid metabolism, and is therefore also referred to as 17β-hydroxysteroid dehydrogenase (17β-HSD10). It also shows affinity for amyloid-β-peptide and has the additional designation of endoplasmic reticulum-associated amyloid-β-binding protein (ERAB or ABAD) \[[@ref075]\]. The disease presentation is that of a mitochondrial disorder with progressive neurodegeneration in the more severely affected males. More studies are needed to investigate the role of isoleucine restriction or antioxidant therapies in the management of these patients \[[@ref076]\].

3-Hydroxyisobutyryl-CoA hydrolase deficiency is a very rare disease described in three families in the literature. The first patient presented with congenital malformations, including vertebral abnormalities, tetralogy of Fallot, and agenesis of the cingulate gyrus and corpus callosum, poor feeding, gross motor delay, and neurological regression in infancy \[[@ref079]\]. The subsequent cases displayed progressive infantile neurodegeneration as well as episodes of ketoacidosis and Leigh-like changes in the basal ganglia associated with a combined deficiency of multiple mitochondrial respiratory chain enzymes and pyruvate dehydrogenase in one set of sibs \[[@ref080]\]. This defect involves an exceptional step in valine metabolism where free acids are generated in contrast to all other intermediates that are CoA thioesters. Patients had increased secretion of *S*-2-carboxypropyl-cysteamine and *S*-2-carboxypropyl-cysteine, and persistently elevated C4-OH acylcarnitine, that led to the identification of mutations in the *HIBCH* gene \[[@ref081]\]. Methacrylyl-CoA formed because of the block is a highly reactive compound that reacts with thiol groups, such as glutathione, cysteine or cysteamine, causing significant oxidative stress.

The last enzymatic steps in the valine degradation pathway convert 3-hydroxyisobutyrate to (S)-methylmalonic semialdehyde (MMSA) by 3-hydroxyisobutyrate dehydrogenase and (S)-methylmalonic semialdehyde to propionyl-CoA by the methylmalonate semialdehyde dehydrogenase enzyme (MMSDH). Thymine metabolism on the other hand generates (R)-aminoisobutyric acid (AIBA), which is then deaminated to (R)-methylmalonic semialdehyde. Both S- and R-methylmalonic semialdehyde are then handled by MMSDH, which catalyzes their oxidative decarboxylation to propionyl-CoA, suggesting that a single enzyme is involved in the catabolism of valine, thymine as well as uracil. Pathogenic mutations in the gene encoding MMSDH (*ALDH6A1*) have been identified in patients that displayed 3-hydroxyisobutyric aciduria \[[@ref082]\], while others also manifested transient methylmalonic acidemia/uria \[[@ref083]\].

Over the years, 3-hydroxyisobutyric aciduria and methylmalonic semialdehyde deficiency have been recognized as heterogenous conditions, both clinically and biochemically. The small number of patients with 3-hydroxyisobutyric aciduria described presented with dysmorphic features including a triangular face, low set ears, long philtrum and microcephaly and widely different phenotypes ranging from mild vomiting attacks with normal cognitive development, to profound intellectual impairment and early death \[[@ref084]\]. Enzymatic or molecular testing of the predicted human cDNA for 3-hydroxyisobutyrate dehydrogenase (HIBADH) were negative in some of these patients \[[@ref087]\]. Whether previously described but untested patients will harbor mutations in *ALDH6A1* or other gene(s) remains unknown.

Methylmalonyl semialdehyde deficiency can present at newborn screening as hypermethioninemia and is associated with developmental delay, hypotonia and dysmorphic features \[[@ref088]\]. The urine metabolic pattern is variable, including beta-alanine, 3-hydroxypropionic acid, both isomers of3-amino- and 3-hydroxyisobutyric acid, and mild methylmalonic aciduria. Mutations in *ALDH6A1,* have been identified only in a subset of patients with these biochemical findings \[[@ref090]\].

1.3. Molecular genetics {#sec0020}
-----------------------

All disorders in the BCAA metabolic pathway follow autosomal recessive inheritance pattern, with the exception of Barth syndrome that is X-linked.

[Table 2](#trd-1-trd009-t002){ref-type="table"} lists the gene loci and genes identified for the enzymatic defects in this pathway.

2. Therapeutic approaches {#sec0025}
=========================

In general, early detection and vigilant metabolic control maximizes the chances to avoid significant insults to the developing brain and achieve an optimal outcome for each patient. General measures for all the disorders in this pathway include: a) fasting avoidance with scheduled frequent feeds to ensure the daily requirements for calories and nutrients are met. For the most severe patients this is often achieved with continuous overnight feeding regimens through gastrostomy or jejunostomy tubes; b) a high calorie -- low protein diet is prescribed to limit the BCAA load, often accompanied by specific amino acids mixtures deficient in selected BCAA; c) conjugation agents, such as L-carnitine and glycine are provided to enable excretion of toxic metabolites; d) hemodialysis for hyperammonemia during acute metabolic decompensations and e) multidisciplinary care to account for the multi-organ manifestations and specific complications associated with each of the disorders.

2.1. Dietary management {#sec0030}
-----------------------

Therapy of all the disorders in these biochemical pathways is based on dietary restriction of protein and particularly the offensive amino acids, leucine for IVA or valine and isoleucine for PA and MMA among the other less frequent disorders in the respective pathways, with regular clinical assessments of growth and monitoring of specific biochemical biomarkers. Primary goals of dietary management include: 1) the promotion of growth and anabolism, avoiding fasting or energy imbalance that may result in metabolic decompensation. This is achieved by providing a high caloric intake, continuous feeds through gastrostomy tube, and hospitalization for parenteral nutrition during intercurrent illness; 2) the reduction of toxic intermediates through the provision of medical foods deficient in the offensive amino acids or antibiotics to reduce precursor generation from propiogenic gut flora; 3) the enhancement of excretion of toxic metabolites through the provision of substrates for conjugation, such as carnitine for the acyl-CoA species or glycine in the case of IVA to form isovalerylglycine; 3) the administration of cofactors where indicated, such as thiamine in thiamine-responsive MSUD or hydroxocobalamin in MMA; 4) vigilant monitoring for nutritional deficiencies, such as micronutrients, vitamins and essential amino- and fatty- acids.

There are no evidence-based guidelines for each of the above therapeutic measures employed. This is reflected in the wide range of practices recorded in multicenter studies and the controversies surrounding even the few available therapeutic measures, such as carnitine supplementation. Furthermore, there are only few carefully conducted studies that document the actual dietary requirements and outcomes for these patients \[[@ref091]\].

The experience gained in MSUD in recent years from clinical and animal studies has led to the design of improved formulas, which are enriched in amino acids that compete with leucine for brain uptake (such as Tyr, Trp, Phe, Met, Thr, His), and in essential fatty acids and micronutrients observed to be deficient with current management (omega-3 polyunsaturated fatty acids, zinc and selenium). Use of this modified formula resulted in improved metabolic control and biochemical parameters, fewer hospitalizations and normal growth and development of the patients \[[@ref096]\]. Based on the same pathophysiological paradigm, a synthetic analog of leucine, norleucine, was shown to compete effectively for brain uptake of leucine, improving survival and biochemical aberrations and delaying the encephalopathy symptoms of different mouse models for classic and intermediate MSUD \[[@ref032]\], making this an interesting candidate treatment option for the patients.

Similar principles guide the dietary management of MMA/PA. Natural protein needs to be carefully titrated to allow for normal growth, while avoiding an excessive propiogenic amino acid load (isoleucine, valine, methionine and threonine) into the pathway. Adjustment of dietary whole (complete)-protein intake will depend on growth parameters, metabolic stability, stage of renal failure, and other factors \[[@ref097]\]. A propiogenic amino acid-deficient- and/or protein-free-formula are given to some individuals to provide extra fluid and calories. In patients with low protein tolerance, severe restriction of propiogenic amino acid precursors (isoleucine, valine, methionine, and threonine) can produce a nutritional deficiency state. Moreover, a severe iatrogenic essential amino acid deficiency can be induced by the relatively high leucine intake through the MMA/PA formulas \[[@ref098]\]. Ketoisocaproic acid derived from the supplemented leucine can inhibit the BCKDH kinase and thereby increase the oxidation rates of valine and isoleucine resulting in very low plasma levels of these essential amino acids and negatively affect long-term growth and possibly other outcomes. Moreover, leucine can compete for the uptake of methionine through the blood brain barrier, an effect that can be detrimental for patients with methionine synthetic defects, like cobalamin C disease \[[@ref099]\]. These observations further highlight the tight interconnections between the three BCAAs.

Carnitine supplementation has been widely accepted as a means to restore the depleted intramitochondrial free CoA pool and help excrete toxic acyl-CoA compounds in the urine as carnitine esters, for example propionyl-CoA in the form of the less toxic propionylcarnitine, and thereby also prevent secondary carnitine deficiency \[[@ref100]\]. The efficacy of this approach given the renal handling of supplemental carnitine has been debated \[[@ref103]\]. However, a combination of L-carnitine with glycine conjugation in severe forms of isovaleric acidemia was found to provide an efficient means to eliminate isovaleryl-CoA \[[@ref104]\]. More recently treatment with phenylbutyrate was shown to increase the de-phosphorylated active form of the E1a subunit, by preventing its phosphorylation by the BCKD kinase. This results in reduced BCAA and BCKA levels in cases with iMSUD \[[@ref106]\].

2.2. Mitochondria-targeted therapies {#sec0035}
------------------------------------

Given the secondary mitochondrial dysfunction affecting various aspects of mitochondrial metabolism that has been documented in an increasing number of disorders in the BCAA metabolic pathway, agents targeting the mitochondria could hold significant therapeutic benefit for these patients.

The use of antioxidants has been evaluated mainly in experimental animal models of organic acidemias, including maple syrup disease \[[@ref107]\], isovaleric academia \[[@ref108]\], 3-hydroxyisobutyric academia \[[@ref109]\], 3 MGA \[[@ref110]\] and methylmalonic academia \[[@ref060]\], among others. Glutathione deficiency was documented during a metabolic crisis in a patient with isolated MMA, who responded to ascorbate therapy \[[@ref112]\], while a regimen including coenzyme Q~10~ and vitamin E has been shown to prevent progression of acute optic nerve involvement in a different MMA patient \[[@ref113]\]. Despite these encouraging case reports, systematic randomized multicenter studies addressing the role of antioxidants in the acute or chronic management of MMA or other disorders in these pathways are currently lacking. This is a well-recognized shortcoming in treatment studies for mitochondrial disorders of all principles, where only very few well-conducted randomized controlled studies were able to convincingly show benefit of such therapeutic interventions \[[@ref114]\].

The expectation from ongoing research studies on animal models is that gaining better understanding of the pathophysiology underlying the mitochondrial involvement of each of these disorders, we will be able to design better disease-specific therapies.

2.3. Organ transplantation {#sec0040}
--------------------------

Liver transplantation has been used to cure different inborn errors of metabolism, including urea cycle defects, tyrosinemia, familial hypercholesterolemia, primary hyperoxaluria, Wilson's disease, Criggler-Najar syndrome and others. Among the BCAA metabolism disorders, classic MSUD is probably the only condition where liver transplantation has been shown to have a significant therapeutic, though not completely curative effect.

*MSUD:* Liver transplantation has been reported to improve the metabolic instability greatly and allow protein intake liberalization in MSUD patients \[[@ref118]\]. It is suggested that the donor liver introduces sufficient BCKD activity in the body that is also subject to physiologic regulation, resulting in the maintenance of near-normal plasma BCAA and αKIC levels through various dietary and physiological challenges. Patients can liberalize their protein intake and are less vulnerable during intercurrent illnesses, although significant leucinosis can occur during periods of stress. Although there is no further deterioration, existing neurocognitive dysfunction or behavioral problems cannot bereversed.

There have been a number of cases where classical MSUD patient livers were successfully transplanted into a recipient ('domino' transplantation) with no adverse consequences for peripheral amino acid homeostasis on unrestricted protein intake \[[@ref118]\]. Such a utilization of explanted organs from patients with MSUD or other organic acidurias may alleviate some of the ethical controversies surrounding allograft distribution.

Orthotopic liver transplantation (OLT) has been offered to patients with PA who suffer frequent metabolic decompensations, recurrent hyperammonemia, and/or restricted growth. There have been several reported cases of successful liver transplantation in PA \[[@ref121]\]. Furthermore, it has been shown that transplantation can restore cardiac function in cases with PA complicated by dilated cardiomyopathy \[[@ref124]\]. However, the procedure is not curative and is still associated with significant morbidity and mortality. It does not completely protect against a metabolic stroke, hyperammonemia or metabolic decompensations, while in a number of patients the renal disease, as well as cardiac manifestations, have progressed despite the procedure \[[@ref125]\]. There have been fewer cases of early elective transplants in this disorder to address its effects prospectively on neurological and other disease-related outcomes.

Although renal transplant has an absolute indication for patients with MMA in end-stage renal failure, the benefits of elective liver, kidney or combined liver and kidney transplantation are less conclusive \[[@ref126]\]. Although organ transplant stabilizes the patients and decreases the frequency of admissions associated with metabolic decompensations, it does not completely prevent devastating neurological complications, such as the metabolic stroke \[[@ref133]\]. Levels of plasma MMA post-transplantation remain significantly elevated, most likely due to extra-hepatorenal MMA production from tissues such as the muscle and brain \[[@ref063]\]. Continued dietary restriction and vigilant metabolic follow-up is therefore recommended post transplant.

![Biochemical pathway of branched chain amino acid metabolism. The enzymatic steps for the metabolism of leucine, isoleucine and valine are provided. Shaded boxes include the acronyms of the enzymes. *Abbreviations:* BCAT = branched chain amino acid aminotransferase; BCKDH: branched chain α-keto-acid dehydrogenase; IVD: isovaleryl CoA dehydrogenase; 3-MCC = 3-methylcrotonyl-CoA carboxylase; 3-MGA = 3-methylglutaconic-CoA hydratase; HMGL = 3-hydroxy-3- methylglutaryl-CoA lyase; SBCAD = methylbutyryl CoA dehydrogenase; MHBD = 2-methyl-3-hydroxyisobutyric dehydrogenase; BKT = mitochondrial acetoacetyl-CoA thiolase; IBDH = isobutyryl-CoA dehydrogenase; HIBDA: 3-hydroxyisobutyryl-CoA deacylase (hydrolase); HIBDH: 3-hydroxyisobutyrate dehydrogenase; MMSDH = methylmalonic semialdehyde dehydrogenase; PCC: propionyl-CoA carboxylase; MUT: methylmalonyl-CoA mutase; SUCLA: succinyl-CoA ligase; TCA cycle: tricarboxylic acid cycle (Krebs).](trd-1-trd009-g001){#trd-1-trd009-g001}

![Leucine metabolic effects in multiple organ systems. Leucine displays a multitude of effects in various organs: enhances protein synthesis, inhibits muscle protein breakdown, stimulates insulin secretion and plays a role in central nervous system food intake regulatory circuits and feeding behavior. Leucine is transported via the large neutral amino acid transporter LAT1 at the blood--brain barrier, among other transporters, and can compete with other large neutral amino acids for uptake/transport affecting neurotransmitter biosynthesis. Lastly, leucine-derived α-ketoisocaproate is a potent inhibitor of the branched-chain ketoacid dehydrogenase-kinase resulting in activation of branched-chain ketoacid dehydrogenase and increased BCAA (valine and isoleucine) oxidation.](trd-1-trd009-g002){#trd-1-trd009-g002}

![Organ pathology in methylmalonic acidemia. Liver and kidney pathology from patients with *mut^0^* methylmalonic acidemia are presented. Mild steatosis (A), lipid-laden stellate cells (white arrows) (B), with abnormal mitochondrial ultrastructure on transmission electron microscopy (EM) (pale mitochondria with absent or disorganized cristae, yellow arrowheads) are observed in patient livers. Tubulointerstitial nephritis with patchy interstitial chronic inflammation and tubular dilation (A), proximal tubule vacuolization (B) (white arrows), and enlarged mitochondria with disorganized cristae (yellow arrowhead) along with large remnant vacuoles that contained amorphous membranous inclusions (black arrow) on transmission EM are present in patient kidneys. Pathology was obtained from explanted organs after a combined liver and kidney transplantation procedure. Patients were enrolled in the clinical study: NCT00078078.](trd-1-trd009-g003){#trd-1-trd009-g003}

###### 

Disorders of the branched chain amino acid metabolic pathway. Clinical presentation, outcomes and therapeutic approaches

  Disorder
  -----------------------------------------------------
  Maple syrup urine disease
  Osteoporosis
  Isovaleric acidemia
  3-Methylcrotonyl-CoA carboxylase deficiency
  3-Methylglutaconic aciduria type I
  3-Methylglutaconic aciduria type II:
  Barth syndrome
  3-Methylglutaconic aciduria type III:
  Costeff optic atrophy
  3-Methylglutaconic aciduria type IV: "unclassified"
  3-Hydroxy-3- methylglutaryl-CoA lyase deficiency
  2-methyl-3-hydroxyisobutyric aciduria
  Methylbutyryl-CoA dehydrogenase def.
  Mitochondrial acetoacetyl-CoA thiolase deficiency
  Isobutyryl-CoA dehydrogenase deficiency
  3-Hydroxyisobutyryl- CoA deacylase deficiency
  3-Hydroxyisobutyric aciduria
  Methylmalonic semialdehyde dehydrogenase deficiency
  Propionic acidemia
  Methylmalonic acidemia

###### 

Molecular genetics of disorders in the BCAA metabolic pathway

  Disorder                                                             MIM \#         Gene         Locus
  --------------------------------------------------------------- ---------------- ----------- --------------
  Maple syrup urine disease                                                                    
  Type Ia                                                          248600, 608348   *BCKDHA*    19q13.1-13.2
  Type Ib                                                          248600, 248611   *BCKDHB*       6q14.1
  Type II                                                          248600, 248610     *DBT*        1p21.2
  ?mild variant                                                    615135, 611065    *PPM1K*       4q22.1
  Isovaleric acidemia                                              243500, 607036     *IVD*       15q15.1
  3-Methylcrotonyl-CoA carboxylase deficiency                      210200, 609010    *MCCC1*       3q27.1
  210210, 609014                                                      *MCCC2*        5q13.2    
  3-Methylglutaconic aciduria type I                               250950, 600529     *AUH*       9q22.31
  3-Methylglutaconic aciduria type II:                             302060, 300394     *TAZ*       **Xq28**
  Barth syndrome                                                                               
  3-Methylglutaconic aciduria type III:                            258501, 606580    *OPA3*       19q13.32
  Costeff optic atrophy                                                                        
  3-Methylglutaconic aciduria type IV: "unclassified"                   N/A           *N/A*         N/A
  type V                                                           610198, 608977   *DNAJC19*     3q26.33
  type VI: deafness, encephalopathy, Leigh-like syndrome           614739, 614725   *SERAC1*       6q25.3
  type VII: cataracts, neurological involvement and neutropenia    616271, 616254    *CLPB*       11q13.4
  3-Hydroxy-3- methylglutaryl-CoA lyase deficiency                 246450, 613898    *HMGCL*      1p36.11
  Methylbutyryl-CoA dehydrogenase deficiency                       610006, 600301   *ACADSB*      10q26.13
  Mitochondrial acetoacetyl-CoA thiolase deficiency                203750, 607809    *ACAT1*      11q22.3
  Isobutyryl-CoA dehydrogenase deficiency                          611283, 604773    *ACAD8*       11q25
  3-Hydroxyisobutyryl- CoA deacylase deficiency                    250620, 610690    *HIBCH*       2q32.2
  3-Hydroxyisobutyric aciduria                                          N/A            N/A          N/A
  Methylmalonic semialdehyde dehydrogenase deficiency              614105, 603178   *ALDH6A1*     14q24.3
  Propionic acidemia                                               606054, 232000    *PCCA*       13q32.3
  606054, 232050                                                       *PCCB*        3q22.3    
  Methylmalonic acidemia, isolated                                                             
  Mut subtype                                                      251000, 609058     *MUT*        6p12.2
  Cobalamin A                                                      251100, 607481    *MMAA*       4q31.21
  Cobalamin B                                                      251110, 607568    *MMAB*       12q24.11
  Cobalamin D                                                      277410, 611935   *C2orf25*      2q32.2
